Breast cancer comprises 22.9% of all cancers in women, which cause over 40 000 women (13.7% of cancer deaths in women) dying from the disease worldwide.^[@bib1],\ [@bib2]^ Traditionally, breast cancer is usually treated with surgery and then possibly with chemotherapy or radiation, or both. The prognosis of breast cancer is dependent on many prognostic factors, including tumor size, nodal status and histological grade.^[@bib3]^ Compared with the well-defined behavior of breast cancer in a population, the molecular mechanism of breast cancer initiation and progression is still not studied deeply. Recently, it has been reported that NAD+-dependent protein deacetylation may have a role in breast cancer pathogenesis.^[@bib4]^

Sirtuin (SIRT) proteins, class-III NAD+-dependent histone deacetylases (HDACs), are a druggable class of enzymes, which are involved with a variety of functions, including aging and regulation of metabolism,^[@bib5],\ [@bib6]^ and have beneficial effects on many human diseases.^[@bib7]^ There are currently seven known SIRT family members, three of which (SIRT3, SIRT4, SIRT5) are localized to the mitochondria. SIRT3, which is the best studied of the mitochondrial SIRT proteins, has been shown to deacetylate and activate acetyl-CoA synthetase 2 (ACS2) and glutamate dehydrogenase (GDH), resulting in the increase of the tricarboxylic acid cycle (TAC) directly.^[@bib8],\ [@bib9]^ Moreover, SITR3 results in the considerable deacetylation of mitochondrial proteins, along with a decrease of glycolysis and a decrease in ATP levels under stress conditions.^[@bib10]^

In the 1920s, Warburg^[@bib11]^ shed the first light on the unique energy metabolism in cancer cell, who suggested a shift in energy production from mitochondrial oxidative phosphorylation (OXPHOS) to aerobic glycolysis. Aerobic glycolysis not only supports rapid growth, but also makes the cancer cell less dependent on oxygen availability and generates a suitable micro-environment. Inhibition of glycolysis has been a novel therapeutic focus in cancer therapies.^[@bib12],\ [@bib13]^ Regulation on the enzymes involved in glucose or lactate metabolism, such as hexokinase II (HK II), is an effective manner to inhibit glycolysis.^[@bib14]^

The glycolysis of cancer cell metabolism is associated with the binding of HK II to the outer mitochondrial membrane protein voltage-dependent anion channel (VDAC).^[@bib15]^ The increased binding of HK II induces mitochondria-mediated apoptosis and is associated with the increased resistance of cancer cells to chemotherapeutic drugs.^[@bib16],\ [@bib17]^ Importantly, cyclophilin D (also known as peptidyl-prolyl *cis-trans* isomerase D or PPID), which localizes to the mitochondrial matrix, is also necessary to promote the binding of HK II to VDAC.

Oroxylin A is a flavonoid isolated from Scutellaria root that exhibits multiple pharmacological activities, including anti-oxidative, anti-inflammatory, anti-viral and anti-tumor properties. Oroxylin A has been previously demonstrated to be a competitive candidate of novel anticancer drug in several types of cancers. Oroxylin A has multi-mechanism of anticancer, including apoptosis induction,^[@bib18]^ metastasis inhibition,^[@bib19]^ cell-cycle arrest induction,^[@bib20]^ and so on. This study for the first time investigated the potential mechanism of Oroxylin A on glycolysis inhibition by modulating SIRT3.

Results
=======

Oroxylin A inhibits glycolysis and stimulates the release of HK II from the mitochondria in breast carcinoma
------------------------------------------------------------------------------------------------------------

In the studies, clotrimazole (CTZ) was used as a positive control, which preferentially inhibited human breast cancer cells glycolysis and detached HK from mitochondria.^[@bib21],\ [@bib22]^ In MDA-MB-231 and MCF-7 cells, 100 *μ*ℳ CTZ for 24 h, decreased the glucose uptake, lactate production, ATP generation and mitochondrial membrane potential (MMP), significantly ([Figure 1](#fig1){ref-type="fig"}). When treated with Oroxylin A, MDA-MB-231 and MCF-7 cells displayed significant decrease in glucose uptake and ATP generation in a concentration- and time-dependent manner ([Figures 1a--d](#fig1){ref-type="fig"}). As well the lactate generations in MDA-MB-231 and MCF-7 cells were decreased by 20% and 16.4%, respectively, upon 200 *μ*ℳ Oroxylin A treatment for 48 h ([Figures 1e and f](#fig1){ref-type="fig"}) . Besides, the intracellular lactate content was decreased by two to threefold after Oroxylin A treatment in MDA-MB-231 and MCF-7 cells ([Supplementary Figure 1A](#sup1){ref-type="supplementary-material"}). Moreover, the expressions and the activities of some key glycolytic enzymes/factors, including glucose transporter-1 (Glut-1), 6-phosphofructo-2-kinase (PFK), lactate dehydrogenase (LDH) and pyruvate kinase (PK), were detected. As shown in [Supplementary Figure 1B](#sup1){ref-type="supplementary-material"}, 100 *μ*ℳ CTZ decreased the expressions of PFK (PFKFB1/4 and PFKFB2 are the subtype of PFK) and PKM2, and 150 *μ*ℳ Oroxylin A decreased the expressions of PKM2 and Glut-1. Both 100 *μ*ℳ CTZ and 150 *μ*ℳ Oroxylin A decreased the activity of HK, PFK, PK and LDH, significantly ([Supplementary Figures 1D--G](#sup1){ref-type="supplementary-material"}). These results suggested that the Oroxylin A inhibited the glycolysis in breast cancer cells. Moreover, the decrease of glycolysis by Oroxylin A for 48 h was accompanied by a decrease in MMP ([Figure 1g](#fig1){ref-type="fig"}). Oroxylin A inhibited the glycolysis, as well as the growth of MDA-MB-231 and MCF-7 cells ([Figure 1h](#fig1){ref-type="fig"}).

Many cancer cells display a great increasein binding of HK II to the mitochondria, which provides a metabolic and survival benefit.^[@bib15],\ [@bib23],\ [@bib24]^ In previous studies, we have found that Oroxylin A could induce the dissociation of HK II from the mitochondria and inhibit glycolysis in A549 cells. Therefore, we wanted to determine whether the decrease of glycolysis by Oroxylin A had any relationship on the expression or localization of HK II in breast cancer cells. CTZ inhibited the detachment of HK from mitochondria ([Figure 2](#fig2){ref-type="fig"}). Oroxylin A caused a marked redistribution of HK II from the cytosol to the mitochondria both in MDA-MB-231 cells and MCF-7 cells. Importantly, besides the redistribution of HK II from the mitochondria to the cytosol, Oroxylin A also decreased the level of HK II expression ([Figure 2a](#fig2){ref-type="fig"}). Then we investigated the binding of HK II by immunoprecipitates. The binding capacity of HK II with VDAC diminished in a concentration-dependent manner, when cells were treated with Oroxylin A for 48 h ([Figure 2b](#fig2){ref-type="fig"}).

The Oroxylin A-induced inhibition of glycolysis and HK II detachment from mitochondria is SIRT3 dependent
---------------------------------------------------------------------------------------------------------

It has been reported that SIRT3 can regulate HK II binding with mitochondria.^[@bib25]^ The loss-of-function in SIRT3 results in a damage-permissive and tumorigenic cellular environment. As shown in [Figures 3a and b](#fig3){ref-type="fig"}, compared with normal cell lines, SIRT3 was downregulated in many human cancer cell lines (including hepatoma, breast cancer, lung cancer and colon carcinoma) at the transcription and the post-transcription level.

Human SIRT3 is expressed as a full-length 44-kD protein that is targeted to the mitochondria by its N-terminal localization sequence.^[@bib26]^ In the mitochondria, SIRT3 is cleaved via the mitochondrial matrix processing peptidase (MPP) to a short 28-kD protein, which is important for SIRT3 enzymatic activity.^[@bib27]^ Dramatically, Oroxylin A upregulated the cleaved SIRT3 of the mitochondria in both breast cancer cells ([Figure 3a](#fig3){ref-type="fig"}). The total SIRT3 proteins in MCF-7 cells were also increased by Oroxylin A. To determine the roles SIRT3 played in the glycolysis inhibition and HK II detachment from mitochondria by Oroxylin A, siRNA was used to suppress the expression of SIRT3. As a result, suppression of SIRT3 expression largely prevented the Oroxylin A-induced decrease in glucose uptake, ATP production, lactate generation ([Figure 4](#fig4){ref-type="fig"}) and HK II detachment from mitochondria ([Figure 3d](#fig3){ref-type="fig"}). Moreover, transfection with siRNA targeting SIRT3 suppressed the decrease of HK II induced by Oroxylin A ([Supplementary Figure 3B](#sup1){ref-type="supplementary-material"}).

It is suggested that the Oroxylin A-induced inhibition of glycolysis and HK II detachment from mitochondria were SIRT3 dependent.

Oroxylin A stimulates full-length SIRT3 to translocate to the mitochondria from the nucleus upon cellular oxidative stress
--------------------------------------------------------------------------------------------------------------------------

In previous studies, we found that Oroxylin A increased SIRT3 in mitochondria. As shown in [Figure 5a](#fig5){ref-type="fig"}, the cleaved form of SIRT3 in mitochondria was increased. It has been reported that SIRT3 is transported from the nucleus to the mitochondria upon cellular stress.^[@bib28]^ After the treatment of Oroxylin A for 48 h, the reactive oxygen level (ROS) was increased in a concentration- and time-dependent manner ([Figure 5b](#fig5){ref-type="fig"}). Then we investigated whether the increased ROS level by Oroxylin A was associated with the translocation of SIRT3. As shown in [Figure 5c](#fig5){ref-type="fig"}, SIRT3 was translocated from the nucleus to the mitochondria upon 200 *μ*ℳ Oroxylin A or 1 mℳ H~2~O~2~. SIRT3 in mitochondria was also increased by Oroxylin A or H~2~O~2~. Moreover, NAC reversed the Oroxylin A-induced increase on SIRT3 in mitochondria ([Figure 5d](#fig5){ref-type="fig"}).

These results suggested that the cellular oxidative stress caused by Oroxylin A could stimulate SIRT3 to translocate to the mitochondria.

Oroxylin A deacetylates and inactivates cyclophilin D by SIRT3
--------------------------------------------------------------

Several recent studies have reported that mitochondrial binding of HK II is affected by the activity of cyclophilin D.^[@bib29],\ [@bib30]^ Cyclophilin D is an immunophilin that exhibits peptidyl-prolyl *cis*-*trans* isomerase (PPIase) activity and is localized to the mitochondrial matrix. Therefore, cyclophilin D was immunoprecipitated and its acetylation status was determined with anti-acetylated-lysine antibodies. As shown in [Figure 6a](#fig6){ref-type="fig"}, cyclophilin D was deacetylated in Oroxylin A-treated MDA-MB-231 and MCF-7 cells. However, nicotinamide (NAM), which is a well-established potent inhibitor of the SIRT family of histone/protein deacetylases,^[@bib31]^ blocked the deacetylation of cyclophilin D caused by Oroxylin A. Moreover, transfection with siRNA targeting SIRT3 suppressed the deacetylation of cyclophilin D induced by Oroxylin A as well ([Figure 6d](#fig6){ref-type="fig"}). It was suggested that Oroxylin A deacetylated cyclophilin D through SIRT3.

Cyclophilin D possesses PPIase activity. [Figure 6c](#fig6){ref-type="fig"} shows that the activity of cyclophilin D was diminished in Oroxylin A-treated MDA-MB-231 and MCF-7 cells. While NAM reversed, the Oroxylin A decreased the activity of cyclophilin D. Thereby SIRT3-induced deacetylation of cyclophilin D could decrease the enzymatic activity of cyclophilin D.

Oroxylin A induces SIRT3-mediated dissociation of cyclophilin D from the adenine nucleotide translocator (ANT)
--------------------------------------------------------------------------------------------------------------

Cyclophilin D is thought to be localized exclusively to the mitochondrial matrix, modulating HK II binding to VDAC. A promising candidate for this intermediation role is the ANT, which is a component of the mitochondria permeability transition pore (PTP) and exert its pore-forming function by interacting with VDAC at mitochondrial contact sites.^[@bib32]^

Cyclophilin D was coimmunoprecipitated with ANT-1 protein upon Oroxylin A for 48 h. As shown in [Figure 6b](#fig6){ref-type="fig"}, the binding of cyclophilin D to ANT-1 in Oroxylin A-treated MDA-MB-231 and MCF-7 cells were inhibited. However, when the cells were treated with Oroxylin A and NAM at the same time, there was a progressive decrease in the inhibition of cyclophilin D binding with ANT-1. The binding of ANT and cyclophilin D was also prevented by transfection with SIRT3 siRNA ([Figure 6e](#fig6){ref-type="fig"}). These results suggested that the Oroxylin A could inhibit the binding of ANT-1 with cyclophilin D in mitochondria, and SIRT3-mediated deacetylation of cyclophilin D was necessary for the interaction between cyclophilin D and ANT-1.

Deacetylation of cyclophilin D induced by Oroxylin A is necessary for dissociation of HK II from the mitochondria and inhibition of glycolysis
----------------------------------------------------------------------------------------------------------------------------------------------

It has been reported that cyclophilin D stabilizes the interaction between ANT and VDAC, which is enhanced by HK II binding.^[@bib33]^ To investigate the roles cyclophilin D played in the inhibition of glycolysis and the dissociation of HK II induced by Oroxylin A, wild-type cyclophilin D was overexpressed in MDA-MB-231 and MCF-7 cells.

As demonstrated in [Figure 7e](#fig7){ref-type="fig"}, overexpression of wild-type cyclophilin D did not reversed the inhibitory effects of Oroxylin A on the binding of HK II with VDAC. Moreover, the decrease of glucose uptake, ATP generation, lactate generation, as well as the loss of MMP induced by Oroxylin A, were not reversed by overexpression of cyclophilin D ([Figures 7a--d](#fig7){ref-type="fig"}). By contrast, NAM suppressed the decrease in glucose uptake, ATP generation, lactate generation and MMP caused by Oroxylin A. The inhibitory effects of Oroxylin A on the binding of HK II to the mitochondria was also reversed by NAM. It was suggested that Oroxylin A preferred to decreasing the activity of cyclophilin D via deacetylation, rather than changing the cyclophilin D expression. Deacetylation of cyclophilin D induced by Oroxylin A was necessary for dissociation of HK II from the mitochondria and inhibition of glycolysis.

Discussion
==========

Cancer cells undergo significant metabolic adaptation, which are much different from that in normal cells. Studies of the metabolic changes provide rationale and insight for anticancer therapy. The present study, for the first time, demonstrates that the natural flavanoid Oroxylin A influences the glycolysis to inhibit the growth of breast cancer, which is involved with the NDA+-dependent deacetylase SIRT3. As shown in [Figure 8](#fig8){ref-type="fig"}, Oroxylin A increased the expression, as well as the mitochondrial translocation of SIRT3, which resulted in the deacetylation of cyclophilin D and then provoked a dissociation of HK II from the mitochondria.

According to Warburg, the bioenergetic switch from a higher energy yielding process (TCA cycle) to a lower energy yielding process (glycolysis) is a hallmark of most cancer cells.^[@bib34]^ Although the aerobic glycolysis have significant roles in cancer metabolism, the function of OXPHOS is at the same position, or more important most of the time. It was reported that the predominant energy metabolism in breast cancer cells were glycolysis and OXPHOS.^[@bib35]^ Therefore, we first investigate whether Oroxylin A influenced OXPHOS by measuring the oxygen consumption. As shown in [Supplementary Figure 1C](#sup1){ref-type="supplementary-material"}, Oroxylin A had a negligible influence on oxygen consumption compared with the control group. Thus, we focused on glycolysis. In addition to the enzymatic roles, some glycolytic enzymes, such as HK, have functions in transcriptional regulation, as well as apoptosis induction.^[@bib36],\ [@bib37]^ Therefore the use of glycolytic inhibitors, especially those targeting HK II, is a feasible approach for targeting cancer\'s metabolic shortcomings.^[@bib38]^ Several glycolytic inhibitors are being designed to target the glycolytic enzymes and synergy with other anticancer drugs. Methyl jasmonate is such a newly discovered 'star\', which provided a new gateway in the cancer metabolic targeting. It has been reported that methyl jasmonate interfered with the interactions between HK and VDAC leading to the disruption of mitochondria.^[@bib39]^ Previously, we have found that Oroxylin A could inhibit glycolysis by detaching HK II from VDAC in A549 cells. In present studies, Oroxylin A caused the dissociation of HK II from the mitochondria as well ([Figure 2](#fig2){ref-type="fig"}), and in turn inhibited the glycolysis ([Figure 1](#fig1){ref-type="fig"} and [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). The activity of HK II was decreased by Oroxylin A as well [Supplementary Figure 3A](#sup1){ref-type="supplementary-material"}). Among the four rate-limiting enzymes, only the expression and activity both were decreased by Oroxylin A. Although Oroxylin A decreased the expression of Glut-1, the inhibitory degree on Glut-1 was weaker than on HK II. It was suggested that HK II, which was related with the regulation on SIRT3 ([Figure 3c](#fig3){ref-type="fig"}), played an important role in Oroxylin A-regulated glycolysis. Moreover, Oroxylin A treatment increased the apoptotic sensitivity of MCF-7/ADR cells to adriamycin ([Supplementary Figure 3C](#sup1){ref-type="supplementary-material"}).

Histone deacetylase Silent Information Regulator 2 (Sir2) homologs are a serious of NAD+-dependent protein deacetylases (Class 3 HDACs).^[@bib40],\ [@bib41]^ The biochemical activity of Sir2 orthologs is unique. NAD and NADH are involved in hundreds of metabolic reactions in cells. Thus, the biochemical activity of Sir2 led to the idea that SIRT is crucial for lifespan extension in response to metabolic and other environmental stressors.^[@bib42],\ [@bib43]^ The character that SIRT3 is the only member of the seven SIRTs linked genetically to lifespan in humans,^[@bib44]^ together with the mitochondrial localization of SIRT3, made SIRT3 an especially interesting target for study. There is emerging evidence of a role for several SIRTs in carcinogenesis. Although SIRT3\'s function varies in different normal and tumor tissues and may be cell- and tumor-type specific, our studies suggested SIRT3 played as a tumor suppressor in human breast cancer. In agreement with previous reports by Kim *et al.*,^[@bib3],\ [@bib10],\ [@bib45],\ [@bib46]^ we found SIRT3 was low-expressed in many human cancer cell lines than in normal cells ([Figures 3a and b](#fig3){ref-type="fig"}). Because of its localization to mitochondria, SIRT3 is required for the modulation of energy metabolism, apoptosis and ageing. We found the inhibitory effects of Oroxylin A on the glycolysis and HK II mitochondrial binding were dependent on SIRT3 ([Figure 3d](#fig3){ref-type="fig"} and [Figure 4](#fig4){ref-type="fig"}). In addition to SIRT3, the other two factors, AKT and GSK3*β*, were reported to regulate the binding of HK II to VDAC by phosphorylation.^[@bib47],\ [@bib48]^ As shown in [Supplementary Figure 2A](#sup1){ref-type="supplementary-material"}, Oroxylin A had little influence on the activation of AKT and GSK3*β*. After AKT was knockout, little changes happened to the HK II detachment from the mitochondria upon Oroxylin A treatment ([Supplementary Figure 2B](#sup1){ref-type="supplementary-material"}). Therefore, SIRT3 played an key role in the Oroxylin A-induced HK II detachment from VDAC.

Oroxylin A could increase the translocation of SIRT3 to mitochondria. SIRT3 is a nuclear NAD+-dependent HDAC that translocates to the mitochondria in response to various stressors, such as ultraviolet (UV) irradiation and the chemotherapeutic drug.^[@bib28]^ We found that the increased translocation of SIRT3 by Oroxylin A was associated with the increased oxidative stress ([Figures 5c and d](#fig5){ref-type="fig"}). The reasons why Oroxylin A increased intracellular ROS level and oxidative stress, were attributed to the hydrogen-donating capacity of flavonoids, the influence of the mitochondrial function, as well as the regulation of the redox enzymes.^[@bib18],\ [@bib49],\ [@bib50]^ Upon the cellular oxidative stress, which may be caused by overloading the cell with high expression of SIRT3, Oroxylin A would result in the expulsion of full-length SIRT3 from the nucleus. After reaching mitochondria, premature SIRT3 is cleaved at the N′-terminus targeting peptide to achieve its maximal deacetylase activity.^[@bib51]^ It was reported that the mitochondrial import of SIRT3 is dependent on an NH 2-terminal amphipathic *α*-helix rich in basic residues.^[@bib26]^

The mitochondrial SIRT3 regulates the activity of metabolic enzymes via protein deacetylation and/or mono-ADP-ribosylation. Unlike the numerous substrates of SIRT1,^[@bib52]^ SIRT3 just has few specific substrates. This character provides a superiority to develop SIRT3 inhibitor with higher selectivity and lower side-effects. SIRT3 deacetylates cyclophilin D,^[@bib25]^ diminishing its activity and inducing its dissociation from ANT. And cyclophilin D can stabilize the HK II mitochondrial binding.^[@bib30]^ These findings suggest that SIRT3 have important roles in the mitochondrial functions and metabolism of cancer cells. Recent studies reported that SIRT3 can regulate mPTP through the deacetylation of cyclophilin D at lysine166, suppressing age-related cardiac hypertrophy.^[@bib53]^ In our studies, Oroxylin A caused SIRT3-mediated deactylation of cyclophilin D ([Figure 6d](#fig6){ref-type="fig"}), decreased PPIase activity of cyclophilin D ([Figure 6c](#fig6){ref-type="fig"}), and resulted in the separation of cyclophilin D and ANT ([Figure 6b](#fig6){ref-type="fig"}). Additionally, the SIRT3-mediated deacetylation of cyclophilin D by Oroxylin A provoked a dissociation of HK II from the mitochondria ([Figure 7e](#fig7){ref-type="fig"}). When the SIRT3-mediated deacetylation of cyclophilin D was prevented, the decrease in glycolysis and mitochondrial dyfusion induced by Oroxylin A were reversed ([Figures 7a--d](#fig7){ref-type="fig"}). Interestingly, we found Oroxylin A affected the activity of cyclophilin D, rather than its expression. Because the overexpression of mutate cyclophilin D had little reversed effect on the Oroxylin A-induced inhibition of glycolysis. Instead, NAM could reverse the inhibitory effects of Oroxylin A by inhibiting SIRT3 activity.

Although several studies have implicated that SIRTs are involved in tumorigenesis, how SIRTs are involved in cancer is still not clear and is controversial. SIRT inhibitors/modifiers might have therapeutic benefit. Several inhibitors and activators of SIRTs have been tested in different cancer cell lines, but few have been tested *in vivo*.^[@bib54]^ The SIRT inhibitors, NAM, induced apoptosis in lung cancer^[@bib55]^ and oral cancer cells.^[@bib46]^ In our studies, SIRT3 played as a tumor suppressor in human breast cancer. Although SIRT3 have important roles in tumor progression and life span, little specific modifiers for SIRT3 were explored and the majority of studies focused on human SIRT1 and/or SIRT2. Those drugs that are effective for several SIRT family members, may result some redundancy or even opposing actions unexpected. We have found that Oroxylin A increased the SIRT3 level in mitochondria and the effect of Oroxylin A on SIRT1 and SIRT2 is being investigated.

SIRT3 belong to the class-III HDAC. So far, class-I and II HDAC inhibitors have been tested in phase-I and II clinical trials. Some of the agents, such as trichostatin, were used to treat patients with solid tumors, hematologic malignancies and advanced leukemias.^[@bib56]^ To our knowledge, there are no published reports on clinical trials using class-III HDAC inhibitors of SIRTs to treat cancer. Our studies suggested that Oroxylin A as class-III HDAC activators of SIRTs are especially potential. By upregulating SIRT3 level in mitochondria, Oroxylin A caused detachment of HK II from the mitochondria and inhibited the glycolysis in breast cancer. The reversal of metabolic reprogramming is an attractive strategy to increase susceptibility to therapy.

Materials and Methods
=====================

Reagents
--------

Oroxylin A (C~16~H~12~O~5~) was isolated from the root of *Scutellaria baicalensis* according to previously reported protocols,^[@bib57]^ dissolved in DMSO as a stock solution at −20 °C, and diluted with medium before each experiment. The final DMSO concentration did not exceed 0.1% throughout the study. Hydrogen peroxide (H~2~O~2~) solution (30%) was purchased from Sigma (Sigma-Aldrich, St. Louis, MO, USA) and diluted to 10^−1 ^ℳ with distilled water. Nicotinamide (NAM) was purchased from Beyotime (Beyotime Institute of BioTechnology, Haimen, China) and diluted to 10^−1 ^ℳ with distilled water. CTZ was purchased from Santa Cruz (Santa Cruz, CA, USA) and dissolved in DMSO.

Cell culture
------------

The human breast cancer cell lines MDA-MB-231 cells and MCF-7 cells were purchased from Cell Bank of Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). MDA-MB-231 cells and MCF-7 cells, were respectively cultured in PRMI-1640 and Dulbecco\'s Modified Eagle Medium (GIBCO, Invitrogen Corporation, Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine serum (Sijiqing, Hangzhou, China), 100 U/ml penicillin G, and 100 *μ*g/ml streptomycin at 37 °C with 5% CO~2~.

Cell viability inhibition assays
--------------------------------

Cell viability was measured using the 3-\[4,5-dimethylthiazol-2-yl\]-2,5-diphenyltetrazolium bromide (MTT) assay. Cells (1 × 10^4^) were treated with Orxoylin A for 48 h at various concentrations (0--250 *μ*ℳ). Absorbance of the resulting formazan was measured spectrophotometrically at 570 nm by the Universal Microplate Reader EL800 (BIO-TEK instruments, Inc., Vermont, MA, USA).

Lactic acid production
----------------------

After treatment, to determine the generation of lactic acid, media was collected and assayed following the manufacturer\'s instructions of Lactic Acid production Detection kit (KeyGen, Nanjing, China). The assay was detected by spectrophotometer (Thermo, Waltham, MA, USA) at 570 nm.

ATP assessment
--------------

Cellular ATP concentrations were measured with ATP Bioluminescent Somatic Cell Assay Kit obtained from Sigma (Sigma, St. Louis, MO, USA). After cells were incubated with Oroxylin A 48 h, cultured cells were lysed in an ice-cold ATP releasing buffer. Using an ATP standard provided by Sigma, ATP concentrations were then determined with the kit, and normalized to protein concentrations. Aliquots of 100 *μ*l were transferred to white 96-well assay plates. Following addition of 100 *μ*l luciferin and luciferase, luminescence was monitored on a luminometer Orion II (Berthold DS, Bleichstr, Pforzheim, Germany).

Glucose uptake assay
--------------------

For the analysis of glucose uptake, the Amplex Red Glucose Assay Kit (Invitrogen, Eugene, OR, USA) was used. After treatment, media was collected and diluted 1 : 4,000 in water. The amount of glucose in the media was then detected using the Amplex Red Assay according to the manufacturer\'s instructions. Glucose uptake was determined by subtracting the amount of glucose in each sample from the total amount of glucose in the media (without cells). The detection was performed by spectrophotometer (Thermo) at Ex/Em=530 nm/590 nm.

MMP determination
-----------------

Following treatment, cells were harvested and resuspended with ice-cold PBS (2000 r.p.m. × 5 min). Quantitative changes of MMP at the early stage of cell apoptosis were measured by the Mitochondrial membrane potential Detection kit (KeyGen, Nanjing, China) with the lipophilic cation 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolcarbocyanine iodide (JC-1) and detected by FACSCalibur flow cytometry (Becton Dickinson, San Jose, CA, USA).

ROS measurement
---------------

ROS level was assessed using the fluorescent dye 2′7′-dichlorfluorescein-diacetate (DCFH-DA, Beyotime Institute of BioTechnology, Haimen, China) following the methods reported by Wei *et al.*^[@bib49]^

Preparation of nuclear-, mitochondrial- and cytosol-enriched extracts
---------------------------------------------------------------------

After cells were incubated with Oroxylin A for 48 h, Mitochondria/Cytosol Fractionation was collected following the instructions included with Mitochondria/Cytosol Fractionation Kit (BioVision, VA). Cell nuclear and cytoplasmic fractions were prepared using a nuclear/cytosol fractionation kit of Biovision Inc. (Mountain View, CA, USA) according to the manufacture\'s direction.

Western blot
------------

Samples were isolation with lysis buffer and eluted with SDS buffer, separated on SDS-polyacrylamide gels, and electroblotted onto PVDF membranes.^[@bib58]^ Immunoreactive protein bands were detected using an Odyssey Scanning System (LI-COR Inc., Superior St., Lincoln, NE, USA). The following antibodies were used for western blot: VDAC, cyclophilin D, ANT (Santa Cruz) at 1 : 400 dilution; Sirt3, HK II, COX IV (Cell signaling Technology, Inc., Danvers, MA, USA) at 1 : 800 dilution; SIRT3 of nuclear protein was purchased from Abcam (Abcam Ltd, HK, China) at 1 : 1000 dilution.

Reverse transcription-PCR assay
-------------------------------

Total cellular RNA was extracted from cells using TriPure solution (Roche Carolina, Florence, SC, USA) following the manufacturer\'s instructions. The purity of the extracted RNA was determined by the ratio of A260/A280 using a BioPhotometer (Eppendorf, Hamburg, Germany). Reverse transcription-PCR was performed by PrimeScript reverse transcriptase (Takara Bio Inc., Otsu, Shiga, Japan) following the manufacturer\'s instructions. The amplified PCR products were separated by electrophoresis on a 2% agarose gel containing ethidium bromide and quantitated by relative intensities of the bands as compared with those of *β*-actin using a GeneGenius BioImaging System with GeneSnap software (SYNGENE, Cambridge, UK). A value of 100% was given to the intensity of bands of untreated cells (control). The sequences of the PCR primers and the expected sizes of amplicons were as follows *β*-actin, 5′-CTGTCCCTGTATGCCTCTG-3′(sense) and 5′-ATGTCACGCACGAT-TTCC-3′ (antisense); SIRT3, 5′-CATTAAATGTGGTGGAACAAGAGGCCTG-3′ (sense) and 5′-AGTTCCTCTCCTTTGTAATCCCTCCGAC-3′ (antisense).

Immunoprecipitation
-------------------

VDAC and ANT was immunocaptured from mitochondrial extracts using polyclonal antibodies to VDAC crosslinked to protein G-agarose beads (Santa Cruz). The immunocomplexes were analyzed by western blotting and probed with antibody against HK II.

ANT was immunocaptured from mitochondrial extracts using polyclonal antibodies to ANT crosslinked to protein G-agarose beads. The immunocomplexes were analyzed by western blotting and probed with antibody against cyclophilin D.

Cyclophilin D was immunocaptured from mitochondrial extracts using polyclonal antibodies to cyclophilin D crosslinked to protein G-agarose beads. The acetylated cyclophilin D were analyzed by western blotting and probed with acetylated-lysine antibody (Cell signaling Technology).

Immunofluorescence and confocal fluorescence microscopy
-------------------------------------------------------

Cells were fixed with 4% paraformaldehyde in PBS at 1-h intervals, permeabilized with 0.5% Triton X-100, and blocked with 3% BSA for 30 min. Incubation with primary antibodies (diluted 1 : 50) (Abcam) against SIRT3 was done overnight at 4 °C. Mitochondrial were visualized with Mitotracker Red (Molecular Probes, Inc., Eugene, OR, USA), incubated at a final concentration of 150 nℳ for 45 h at 37 °C. Then the nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) 20 min before imaging. A laser scanning confocal microscope FV10-ASW (Ver 2.1) (Olympus Corp, MPE FV1000, Tokyo, Japan) was used for colocalization analysis.

Measurement of cyclophilin D activity
-------------------------------------

Cyclophilin D protein was obtained from mitochondrial extracts. Cyclophilin D PPIase activity was determined colorimetrically using a peptide, in which the rate of conversion of *cis* to *trans* of a proline residue in the substrate peptide *cis*-Nsuccinyl-Ala-Ala-Pro-Phe-pnitroanilide (Sigma-Aldrich) makes it susceptible to cleavage by chymotrypsin, resulting in the release of the chromogenic dye, pnitroanilide. The absorbance change at 380 nm was monitored over a 5 min period with data collected every 20 s.

siRNA-mediated knockdown of SIRT3
---------------------------------

The siRNAs targeting SIRT3 (Santa Cruz) were delivered by a lipid based method using Lipofectamine 2000 (Invitrogen Life Technologies, Grand Island, NY, USA) at a final siRNA concentration of 30 *μ*ℳ. After formation of the siRNA--liposome complexes, the mixture was added to the breast cancer cells for 4 h. The medium was then aspirated, and complete medium containing 200 *μ*ℳ Oroxylin A was added.

Transfection of wide cyclophilin D
----------------------------------

Homo sapiens PPID human cDNA clone was obtained from OriGene (OriGene Technologies, Inc., Rockville, MD, USA). For transfection, cells were seeded in six-well plates at 65% confluency at first. Then the plasmid DNA (1 *μ*g) was introduced into the cells using Lipofectamine 2000 (Invitrogen Life Technologies) according to the manufacturer\'s recommendations. After that, cells were exposed to Oroxylin A or the vehicle and harvested for further experiments.

Statistical evaluation
----------------------

Data are presented as mean ± S.D. from triplicate parallel experiments unless otherwise indicated. Statistical analyses were performed using one-way ANOVA.
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SIRT3

:   Sirtuin-3

ACS2

:   acetyl-CoA synthetase 2

GDH

:   glutamate dehydrogenase

TAC

:   tricarboxylic acid cycle

OXPHOS

:   oxidative phosphorylation

HK II

:   hexokinase II

VDAC

:   voltage-dependent anion channel

NAM

:   Nicotinamide

MTT

:   3-\[4,5-dimethylthiazol-2-yl\] -2,5-diphenyltetrazolium bromide

MMP

:   mitochondrial membrane potential

DCFH-DA

:   2′7′-dichlorfluorescein-diacetate

DAPI

:   4′,6-diamidino-2-phenylindole

MPP

:   matrix processing peptidase

ROS

:   reactive oxygen species

PPIase

:   peptidyl-prolyl cis-trans isomerase

ANT

:   adenine nucleotide translocator

mPTP

:   mitochondrial permeability transition pore

Sir2

:   Histone deacetylase Silent Information Regulator 2

HDACs

:   histone deacetylases

UV

:   ultraviolet

CTZ

:   Clotrimazole

Glut-1

:   glucose transporter-1

PFK

:   6-phosphofructo-2-kinase

LDH

:   lactate dehydrogenase

PK

:   pyruvate kinase
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![Oroxylin A inhibited the glycolysis in breast carcinoma. MDA-MB-231 and MCF-7 were treated with Oroxylin A upon different concentrations for 48 h, or upon 200 *μ*ℳ Oroxylin A at various time, upon 100 *μ*ℳ CTZ for 24 h. (**a**, **b**) Glucose uptake was measured using the Amplex Red assay. (**c**, **d**) Production of lactic acid was assayed by Lactic Acid production Detection kit. (**e**, **f**) Quantification of ATP generation was detected by the luminometer Orion II. The ratios of glucose uptake, produced lactic acid and ATP generation in treated groups compared with non-treated group are represented by histograms. (**g**) Cells were treated with Oroxylin A for 48 h. The loss of MMP was analyzed by JC-1 assay using flow cytometry. The percentages of the loss of MMP are represented by histograms. (**h**) Cells were treated with Oroxylin A for 48 h and cell viability was determined by MTT assay. *Bars*, S.D., \**P*\<0.05 or \*\**P*\<0.01 *versus* non-treated control of MDA-MB-231 cells, ^\#^*P*\<0.05 or ^\#\#^*P*\<0.01 *versus* non-treated control of MCF-7 cells.](cddis2013131f1){#fig1}

![Oroxylin A suppressed HK II binding to VDAC in mitochondria. MDA-MB-231 and MCF-7 were treated with Oroxylin A (0, 100,150 and 200 *μ*ℳ) for 48 h, or 100 *μ*ℳ CTZ for 24 h. (**a**) Mitochondrial and cytosolic fractions were isolated after treatment and subjected to western blot analysis for HK II. (**b**) Mitochondria were isolated and HK II was immunoprecipitated using VDAC antibody. Western blot assays were performed for HK II and VDAC](cddis2013131f2){#fig2}

![Oroxylin A stimulated SIRT3 expression and induced SIRT3-dependent release of HK II from the mitochondria. (**a**,**b**) Expression of SIRT3 proteins (**a**) and mRNA (**b**) in kinds of human cancer cell lines and human normal cell lines. (**c**) Cells were treated with Oroxylin A for 48 h. Mitochondrial fractions were isolated after treatment and subjected to western blot analysis for HK II. (**d**) MDA-MB-231 and MCF-7 cells were transfected with siRNA targeting SIRT3 or with a non-targeting control siRNA. Cells were then incubated with 200 *μ*ℳ Oroxylin A for 48 h. After 48 h, the cells were harvested and mitochondria was isolated. Western blot assays were performed for HK II and SIRT3](cddis2013131f3){#fig3}

![The inhibition of glycolysis by Oroxylin A was SIRT3 dependent. MDA-MB-231 and MCF-7 cells were transfected with siRNA targeting SIRT3 or with a non-targeting control siRNA. Cells were then incubated with 200 *μ*ℳ Oroxylin A for 48 h. (**a**) Glucose uptake was measured using the Amplex Red assay. (**b**) Production of lactic acid was assayed by Lactic Acid production Detection kit. (**c**) Quantification of ATP generation was detected by the luminometer Orion II. The ratios of glucose uptake, produced lactic acid and ATP generation in treated groups compared with non-treated group are represented by histograms. *Bars*, S.D., \**P*\<0.05 or \*\**P*\<0.01 *versus* Oroxylin A-treated without siRNA group of MDA-MB-231 cells, ^\#^*P*\<0.05 *versus* without siRNA group of MCF-7 cells](cddis2013131f4){#fig4}

![SIRT3 was expelled from the nucleus to the mitochondria by Oroxylin A upon cellular oxidative stress. (**a**) MDA-MB-231 cells were treated with Oroxylin A for 48 h. Mitochondrial and nuclear fractions were isolated after treatment and subjected to western blot analysis for full-length band and cleaved band of SIRT3. (**b**) MDA-MB-231 and MCF-7 cells were treated with Oroxylin A upon different concentrations or time. Quantification of ROS was detected using fluorescent dye DCFH-DA by FACSCalibur flow cytometry at Ex/Em of 488 nm/525 nm. *Bars*, S.D., \**P*\<0.05 or \*\**P*\<0.01 *versus* Oroxylin A-treated without siRNA group of MDA-MB-231 cells, ^\#^*P*\<0.05 or ^\#\#^*P*\<0.01 *versus* without siRNA group of MCF-7 cells. (**c**) Cells were treated with 1 mℳ H~2~O~2~ for 36 h or 200 Oroxylin A for 48 h, respectively. Immunofluorescence experiment performed in MDA-MB-231 and MCF-7 cells upon oxidative stress or Oroxylin A treatment using antibodies specific to full-length of and cleaved SIRT3, DAPI and Mitotracker. (**d**) MDA-MB-231 cells were pretreated with10 mℳ NAC for 1 h, then treated with 1 mℳ H~2~O~2~ for 36 h or 200 *μ*ℳ Oroxylin A for 48 h, respectively. Mitochondrial fractions were isolated after treatment and subjected to western blot analysis for HK II and SIRT3](cddis2013131f5){#fig5}

![Oroxylin A-induced SIRT3-mediated deacetylation and inhibited the peptidyl-prolyl *cis*-*trans* isomerase activity of cyclophilin D, preventing the binding of cyclophilin D to ANT. (**a**--**c**) MDA-MB-231 and MCF-7 cells were treated with 200 *μ*ℳ Oroxylin A and 10 ℳm NAM, respectively, or both. (**a**) Mitochondria were isolated and acetylated cyclophilin D (acetylated Cyp-D) was immunoprecipitated using cyclophilin D antibody. Western blot assays were performed for acetylated-lysine and cyclophilin D(Cyp-D). (**b**) Mitochondria were isolated and ANT-1 was immunoprecipitated using cyclophilin D antibody. Western blot assays were performed for ANT-1 and cyclophilin D (Cyp-D). (**c**) Cyclophilin D was immunoprecipitated from mitochondrial lysates and its peptidyl-prolyl *cis*-*trans* isomerase activity determined. *Bars*, S.D.(±) (**d**, **e**) MDA-MB-231 and MCF-7 cells were transfected with siRNA targeting SIRT3 or with a non-targeting control siRNA. Cells were then incubated with 150 *μ*ℳ Oroxylin A for 48 h. Mitochondria were isolated, then deacetylated cyclophilin D and ANT-1 was immunoprecipitated as above, respectively](cddis2013131f6){#fig6}

![The regulation on peptidyl-prolyl *cis*-*trans* isomerase activity of cyclophilin D was necessary for inhibition of glycolysis by Oroxylin A, instead of the expression of wide cyclophilin D. MDA-MB-231 and MCF-7 cells overexpressing wide cyclophilin D or treated with 10 mℳ NAM were incubated in the absence or presence of 150 *μ*ℳ Oroxylin A for 48 h. (**a**--**d**) Glucose uptake, produced lactic acid, ATP generation and the loss of MMP were measured as previous. The ratios of glucose uptake (**a**), produced lactic acid (**b**) ATP generation (**c**) in treated groups compared with non-treated group, and the percentages of the loss of MMP (**d**) are represented by histograms. *Bars*, S.D., \**P* and ^\#^*P*\<0.05 or \*\**P* and ^\#\#^*P*\<0.01. (**e**) Mitochondria were isolated and HK II was immunoprecipitated using VDAC antibody. Western blot assays were performed for HK II and VDAC](cddis2013131f7){#fig7}

![Oroxylin A-induced SIRT3-mediated cyclophilin D deacetylation, triggered HK II detachment, and inhibited glycolysis. Oroxylin A caused an increase in the expression and activity of SIRT3. In turn, SIRT3 promoted deacetylation of cyclophilin D (Cyp-D), resulting the dissociation of Cyp-D from ANT-1, and promoting the detachment of HK II from the mitochondria VDAC. As a result, the glycolysis was inhibited by Oroxylin A](cddis2013131f8){#fig8}
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